Introduction
The PA Department of Environmental Protection (DEP 1988) has reported that discharges from coal and clay mining operations account for pollution of approximately 2700 km of Pennsylvania's streams. At least 794 discharges are being treated by current coal operators to conform to effluent limits (Hellier, et al. 1994) . A large number of discharges are from operations that were abandoned before current mining laws were passed; for example, the Muddy Run watershed receives 15.75 metric tons of acid per day from abandoned mines (Skelly and Loy 1972) . To restore the quality of the polluted streams, a technologically feasible and cost-effective means must be found to abate the pollution from these discharges. guidance manuals have been published (Hedin et al. 1994) , there is little theoretical discussion on the basis for the design of constructed wetlands.
Objectives
The objectives of this study were: ( 1. ) To study the performance of wetlands . built to take advantage of anaerobic processes in treating a mine discharge with moderate acidity and moderately elevated metals; (2.) To obtain transient and long term water quality data at key sample points in the wetlands. ; ( 3. ) To determine flow patterns within the wetlands; (4.) To assess the effects of moderate pretreatment of the wetland influents with anhydrous NH 3 ; (5.) To develop simple mathematical models from the data obtained, upon which future designs can be based; and (6.) To compare the design criteria produced by the mathematical models to previous design criteria, and to compare the performance of the demonstration wetlands to the performance of existing wetlands.
Site Selection
The site of the abandoned Bark Camp #1 and #2 deep mines and coal processing facility was selected for the study because: ( 1. ) The discharge had a moderate acidity of< 300 mg/Las CaC0 3 and a moderate Figure   1 is a plan view of the wetlands. The areas given are the cumulative wetland areas from the inlet to the sample stations depicted.
Anhydrous ammonia was used for a one year period to adjust influent pH. Mixing chamber pH was adjusted in an effort to deliver an influent having pH = 3.0 to wetlands #1 and #2; pH= 4.0 to wetlands #3 and #4; and pH= 5.0 to wetlands #5 and #6. and the other to be analyzed for [Fe. 2 ] , total [Fe] , [Mn] , [Mg] , and [All. The latter aliquot was acidified to pH < 2. 0. Additionally, the effluents were analyzed for Cl-, P, K, BOD, and forms of N. The samples were put into iced containers and transported to the Department's laboratory in Harrisburg, where they were analyzed following EPA approved methods (APHA 1992 For the purpose of illustration, the overall performance of wetland #1 is shown (Figure 2 ) . (Figure 4) . Based on the breakthrough curves, detention times were calculated. The flow characteristics of wetland #1 were assumed to apply to wetlands #3 and #5; the characteristics of wetland #2, to wetlands #4 and #6.
To apply the results to a given water quality sampling period, detention time was assumed to be proportional to influent flow. Detention times behaved regularly
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The zero-order rate constant k 0 is given by:
where the subscript "in" stands for conditions at the beginning of the wetland section being considered, and~ stands for detention time as determined from the tracer breakthrough time (Figure 4 ) and influent flow rate. For each wetland, the rate constant ko was determined between sampling stations at the different depths, (Figure  3 ), removal rates were calculated at those depths, and the composite rate of removal in each section of the wetland was calculated by averaging among the rates at the four depths. 
First-order model
The use of a first-order rate law to describe pollutant removal is common practice in sanitary engineering. The first order rate expression:
can be combined with the simplifying assumptions given above to calculate the first-order rate constant k 1 :
The procedure for calculating removal rates in g day-1 m-2 was similar to that used for the zero-order model. The removal rates are given in Table 2 . They are again sensitive to the position in the wetland. The tendency of the removal rate to decline as the position of a particular treatment area of the wetland becomes further removed from the influent suggests that the removal rate does depend on [Fe+ 3 ] and lends credence to a first or higher order model. The removal of Al was also considered, using a first-order rate expression, (Table 3 ). The behavior of [Mn] (Fig. 2) 
